We experimentally and numerically study the dynamics of a mono-disperse packing of selfpropelled hard disks inside a hexagonal arena. The packings are dense, with area fractions close to the maximal geometrically allowed value φ hcp in two dimension. Frustration of the hexagonal order, obtained by removing a few particles, leads to the formation of a rapidly diffusing "droplet". Removing more particles, the whole system spontaneously forms a rotating flow while conserving an overall crystalline structure. We shall call this state a "rheo-crystal". Numerical simulations very well reproduce the experimental observations. They further demonstrate that when packing fraction is simply lowered without introducing frustration, the rheo-crystal phase subsists, while the droplet regime disappears. Finally, the larger the system is, the faster the "rheo-crystal" rotates and the more ordered its structure.
Over the last ten years a new generation of soft materials has been devised from self-propelled units: active materials [1, 2] . Such materials offer amazing perspectives among which we mention the possibility to explore space when thermal diffusion is highly reduced. This in turn could accelerate or make possible the self-assembly of equilibrium structures, or more likely very new ones [3, 4] . We are however very far from predicting and controlling the out-of-equilibrium processes at play, and very little is actually known about the existence and the dynamics of even the simplest active ordered structure: the crystal.
Self-propelled particles are prone to form clusters at low packing fractions, which, in the case of mono-disperse particles, are small active crystalline structures dispersed in a disordered gas [5] [6] [7] . For higher packing fractions φ 0.4 and strong enough activity, as characterized by the persistence length of the active motion, motilityinduced phase separation eventually takes place [8, 9] . Further increasing the packing fraction φ 0.7, it was shown numerically [10] and experimentally [11] that the crystallization transition of active disks is qualitatively different from the equilibrium scenario: the high density phase is full of crystal-like clusters, interjected by many defects of all kinds. These clusters split and merge in a fast and complex spatio-temporal dynamics. Similar flowing polycrystalline phases were also observed in a generalized Vicsek model [12, 13] , which combines alignment with short-ranged repulsive interaction [14] . It is also well known that topological defects destabilize active nematics [15] [16] [17] [18] [19] . In summary, nicely ordered active materials are pretty uncommon. However, the authors of [14] also report the existence of a crystalline phase with quasilong-range translational order and devoid of topological defects and a recent mean-field theory [20] suggests the existence of a translationally and orientationally ordered phase in active particle systems. Whether such phases are stable, kinetically accessible, or simply achievable in real experimental system is very much unclear and a matter of considerable practical interest. In this letter, we take advantage of a 2D experimental system of self-propelled hard disks [21] and its numerical counterpart [22, 23] , to discuss the stability of the putative crystal. To do so, we prepare ordered hexagonal packings in a hexagonal arena, at packing fraction very close to φ hcp = π 2 √ 3 0.907, and study their static and dynamical properties. We experimentally observe three regimes. For a perfect hexagonal packing at φ = 0.89, the defectless crystal is stable. When we remove a few particles from the hexagonal packing, we induce frustration in the hexagonal order, which leads to the formation of a rapidly diffusing "droplet". Removing a few more particles, the whole system spontaneously flows and rotates, while conserving an overall crystalline structure ( Fig. 1 left and video SI-1). We argue that this "rheo-crystal" is a genuine state of the system. First, the experimental observations are very well reproduced in numerical simulations. (Fig. 1-right and video SI-2), where it becomes clear that the rotation is caused by the effective alignment between particles, which is known to produce collective motion in dilute phases [21, 23] . Second, while the droplet regime is frustration-induced, the rheo-crystal remains present when the packing fraction is lowered by slightly increasing the size of the arena instead of removing particles. Finally, when increasing the system size, the flow is sustained and the structure becomes more ordered. Also, the static crystal regime becomes vanishingly narrow, and only the rheo-crystal state survives.
The experimental system is made of vibrated disks with a built-in polar asymmetry, which enables them to move coherently [24] . The polar particles are micromachined copper-beryllium disks (diameter d = 4 mm, total height 2 mm), which have an off-center tip and a glued rubber skate, located at diametrically opposite positions. These two "legs" with different mechanical response endow the particles with a polar axis. Subjected to vertical vibration, these self-propelled polar (SPP) disks perform a persistent random walk, the persistence length of which is set by the vibration parameters. We use sinusoidal vibration of frequency f = 95 Hz and amplitude a, where the maximal acceleration relative to gravity is set to Γ = (2πf ) 2 a/g = 2.4. A glass plate confines the particles from above. We also use plain rotationally-invariant disks (same metal, diameter, and height), hereafter called the "isotropic" (ISO) disks. In the present study, the disks are laterally confined in a regular hexagonal arena of side length 79 mm. The motion of all particles is tracked using a standard CCD camera at a frame rate of 30 Hz.
The above experimental system is very well described by a mathematical model first formulated in Ref. [22] , and later studied in details in Ref. [23] . A particle i is described by position r i and velocity v i of its center, and by its body axis given by the unit vectorn i . Between collisions these parameters evolve according to the equations
which have been made dimensionless by choosing suitable units. In Eq. (1b), the competition between selfpropulsionn and viscous damping −v lets the velocity relax ton on a timescale τ v . Similarly, in Eq. (1c), the polarityn undergoes an overdamped torque that orients it toward v on a timescale τ n . Interactions between particles are elastic hard-disk collisions which change v but notn. After such a collision, v andn are not collinear, and the particles undergo curved trajectories which either are interrupted by another collision, or the particles reach their stationary state, characterized by a straight trajectory at unit speed andn = v. The final direction of v (and ofn) depends on the parameter α = τ n /τ v , which can be understood as the persistence of the polarityn. On top of the deterministic trajectories given by Eqs.
(1), we add to both vectors a common angular noise, normally distributed with zero mean and with variance 2D (see [23] for implementation details). In the following, only the size of the arena and the number of particles are varied; the parameters τ v = 0.25, α = 0.867, D = 2.16 have been chosen as to be in the experimental range, the full parameter space characterization being beyond the scope of the present paper. The hexagonal packing is qualified using the local orientational order parameter ψ 6 := q exp 6iθ pq n p , defined as a per-particle quantity. Here, the sum runs over the n p neighbors of particle p, and θ pq is the angle of the connecting vector, with respect to a fixed axis. Particle neighborship is defined by Voronoi tessellation. Figure 2 illustrates the structures obtained in the experiment, when removing particles at random from the densest hexagonal packing we can form in the arena (N = 1141, φ = 0.89). These defectless structures (leftmost column) are stable, both for the ISO and SPP disks. In the case of the ISO disks (top row), removing a few particles creates defects, which locally lower the individual order parameter ψ 6 . This is the case for N = 1123, 1085. When the number of removed particles corresponds exactly to the outermost layer of the hexagonal packing (here 114 particles, passing to N = 1027), one recovers a crystal of ISO disks without geometrical frustration, still far from melting (φ = 0.801). By contrast, in the case of SPP disks (bottom row) the structure becomes increasingly disordered, and defects proliferate. This disorder is reflected in the shape of the pair correlation functions (rightmost column in Fig. 2 ) which do not drop to zero between peaks. One further notices an increasingly large depletion zone in the center of the arena (N = 1085, 1027). Another remarkable feature is the existence of highly ordered sectors, which are separated by less dense pairs of lines where the local symmetry is square (N = 1085).
The natural question to raise is whether the proliferation of defects and/or this peculiar spatial organization allow for some interesting dynamics. In the case of the ISO disks, the defects hardly move, eventually slowly diffuse, and the dynamics is dominated by vibration around the crystalline structure. The situation for the SPP disks is far richer, as can be seen from Fig. 3 and from videos SI-3 to SI-5. We observe three regimes: For the perfect hexagonal packing with N = 1141, the SPP disks remain trapped at the same average position, and the corresponding mean square displacements (MSD) are that of a frozen structure (see video SI-3). For N = 1133 one observes jumps in the particle trajectories both in the parallel and perpendicular directions [25] : the particles exchange neighbors, change layers and overall diffuse in both directions as evidenced by the linear increase with time of their MSD. Video SI-4 reveals the existence of small but persistent depleted regions, or loose "droplets", which rapidly explore all the system. These droplets sometime split in two or eventually merge. In all cases, the area liberated by the removed particles remains concentrated and never disperses in the whole system. In this regime, we are thus in presence of a crystalline structure, the density fluctuations of which relax on fast timescales. This finding extends the previously reported decoupling between structure and dynamics [11] to much larger packing fractions and to much more ordered structures: the droplet, while being a sub-extensive part of the system, relaxes it all. Finally, for N = 1085 one observes continued ballistic-like displacement along the direction parallel to the walls, while the perpendicular motion remains diffusive. Video SI-5 shows how the whole crystal starts flowing and forms a global rotation, responsible for the reported ballistic motion. The global motion is accompanied and conditioned by a preferential direction of the particle orientations. Let us note that this rotating motion takes place irrespectively of the initial condition. Interestingly, a visual inspection of the motion reveals that the rotation is not that of a rigid body: while in each sector a triangular block advances without being sheared, at lines separating the sectors particles change their neighbors systematically. Along these lines the local symmetry oscillates between hexagonal and square, as the blocks slide past each other.
In the case of ISO disks we have seen that geometrical frustration leads to the presence of defects. In particular when there is no frustration (N = 1027), a perfect crystal is recovered. This is not at all the case for the SPP disks. Hence the question: what if instead of removing particles, one targets the same packing fraction by increasing the area of the arena? To answer this question, we now turn to the numerical simulations of the model introduced above. Figure 4 displays the parallel and perpendicular MSD for the SPP disks, once obtained by removing particles (top row) and once by increasing the area A of the arena (bottom row). The packing fractions are the same in both rows, but the dynamical behavior is not -the parallel diffusion at N = 1126 is replaced by rotation at the corresponding A = 1027.23. The conclusion is that the droplet regime, where both MSD are diffusive, does not exist in the absence of geometrical frustration. Conversely, the rotating flow regime subsist; it is not induced by frustration. The experimental setup is limited in size to hexagonal packings with a maximum of n = 19 layers, corresponding to N = 1 + 3n(n + 1) = 1141 particles. The existence of the static crystal state in this finite system was actually expected, given that in the close-packed limit there would simply be no space for motion, neither passive nor active. We now investigate numerically the robustness of the above observations when we increase the system size. Our findings are summarized in Fig. 5 . Concerning the structure, the left panel shows that larger systems have higher principal peaks in the pair correlation function. Indeed the number of particles sitting on the lines with a local square symmetry scales linearly with the system size n, while the number of particles inside the hexagonally ordered sectors scales like n 2 . This remains true even if we actually observe that the lines are not as regular in the largest system as in the smaller ones. Regarding the dynamics, the right panel of center. When increasing n, the rotation becomes more important in the two following senses. The magnitude of the rotation increases, and the central depleted region, where the rotation is weaker, occupies a smaller fraction of the system. The overall phenomenology described in the present work is thus stronger in larger systems. We have not discussed here the exploration of the parameter space. Let us mention however two salient features. First, it was shown both theoretically and numerically, that, in the dilute limit, the effective alignment between particles, and thus the emergence of collective motion, is essentially ruled by the noise amplitude D and the persistence of the disk polarity α = τ n /τ v [23] . For strong noise no collective motion takes place; for weak noise, collective motion arises for a range of α of order one (see Fig. 2c in Ref. [23] ). Too small and too large persistence of the polarity preclude collective motion. These low-density features survive at the largest densities explored here. Second, it is worth pointing out that the crystal rotation survives in the absence of noise, when D = 0, see video SI-6. In Ref. [11] , we reported that the crystallization transition, starting from a liquid of SPP disks, takes the form of a phase coexistence between very dense, almost hexagonal close packed, clusters and a disordered dilute phase. At the largest packing fractions explored at the time, φ = 0.84, the structure was dominated by crystalline domains, percolating over the system size, while the dynamics remained dominated by splitting and merging events of these domains, thereby inducing a rapid decay of the dynamical structure factor. This lead us to raise the question of the crystal stability at larger packing fractions. The present work clearly demonstrates that even in the absence of geometrical frustration (hexagonal boundary conditions and number of particles do match the hexagonal packing geometry), the crystalline structure is well formed, but animated by a global rotation, with shear localized in the lines between sectors. These lines concentrate a sub-extensive number of particles. This suggests that in the large-N limit, the rheo-crystal survives up to hexagonal close packing and constitutes a genuine new phase of matter.
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